Introduction
============

Breast cancer is the most frequently diagnosed cancer in woman and one of the leading causes of cancer death in worldwide [@B1]. Breast cancer cells require estrogen to continue growing and about \>70% of infiltrating breast carcinoma are estrogen receptor alpha (ERα) positive, thus offering clinicians the opportunity for hormonal therapies (HTs) in adjuvant and/or metastatic situations [@B2]. Modulation of estrogen signaling pathways using antiestrogens (tamoxifen and fulvestrant) or aromatase inhibitors (letrozole and anastrozole) is indeed one of the first recommended HTs and is the first treatment choice for ERα-positive breast cancers [@B3]. Tamoxifen is metabolized into 4-hydroxytamoxifen (4-OHT) that bind to the ER that blocks estrogen signaling. Because of its competitive antagonism, tamoxifen is binding to the ER and hence blocking breast cancer cell growth [@B4]. Despite the benefits of tamoxifen in breast cancer treatment, many patients with receiving tamoxifen therapy eventually relapse and die from their disease progression. The development of acquired resistance to ER-targeted therapies in about 30-40% of the woman treated with tamoxifen for 5 years [@B5].

Candidate signaling pathways against acquired resistance to tamoxifen are implicated including various signaling networks that control of cell proliferation or survival [@B5]-[@B7]. A few agents targeting these pathways in tamoxifen-resistant breast cancers are in clinical trials [@B8], [@B9]. However, there is no approved targeted therapy to improve outcomes of tamoxifen- resistant breast cancers. Recently, a few studies have demonstrated that autophagy is play an important role in regulating cell death in acquired resistance breast cancer cells [@B10]-[@B12]. Autophagy is a catabolic pathway whereby cytoplasmic proteins and organelles are sequestered in vacuoles and delivered to lysosomes for degradation and recycling [@B13]. In particular, the induction of autophagy has been observed in malignant cells following treatment with histone deacetylase (HDAC) inhibitors. A number of HDAC inhibitors induced autophagy cell death in various human cancer cell lines [@B14], [@B15]. Previous studies indicated that HDAC inhibitors can induce both mitochondria-mediated apoptosis and caspase-independent autophagic cell death [@B16], [@B17].

Recently, HDAC inhibitors are promising agents for anticancer therapy by induces cell cycle arrest and apoptosis in various cancer cell lines [@B18],[@B19]. They can promote hyperacetylation of histone protein or other proteins and thus leads to many changes at the molecular and cellular levels. HDAC inhibitors belong to a heterogeneous class of compounds that includes derivatives of short chain fatty acids, hydroxamic acids, cyclic tetrapeptides, and benzamides. Among the hydroxamic acids, suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA) are commonly used as a HDAC inhibitor. SAHA shows strong anti-proliferative effects on various cancer cell lines and is currently in clinical trial for the treatment of solid and hematological tumors [@B20]-[@B22]. However, the mechanism by which SAHA induces autophagy cell death in acquired endocrine-therapy is not clearly understood.

Therefore, the specific goal of this study was to evaluate anticancer effects of SAHA on tamoxifen-resistant breast cancer cells. The anticancer effects of SAHA were therefore investigated on cell viability, cell cycle regulation, and modulation of apoptosis- or autophagy-related molecules. We found that SAHA-induced autophagic cell death will provide a novel strategy for treating tamoxifen-resistant breast cancer.

Materials and methods
=====================

Reagents
--------

Suberoylanilide hydroxamic acid (SAHA) was purchased from Cayman Chemical Co. (Ann Arbor, MI, USA). 4-Hydroxytamoxifen (4-OHT) was purchased from Sigma-Aldrich Biotechnology (St. Louis, MO, USA). Culture media and its supplements containing antibiotics, and fetal bovine serum (FBS) were purchased from Gibco Invitrogen Corporation (Carlsbad, CA, USA). The primary antibodies for acetyl-H3, acetyl-H4, Atg5, Atg7, β-actin, beclin-1, caspase 7, caspase 9, Cdc2, cyclin A, cyclin B1, cyclin D1, cyclin E, cytochrome c, HDACs, LC3, and p21 were purchased from Cell Signaling Technology (Beverly, MA, USA); Bax, Bcl-2, Cdk4, Cdk6, Cdk2, histone H1, poly(ADP-ribose) polymerase (PARP), and p27 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The Annexin V-FITC apoptosis detection kit I was purchased from BD Biosciences (San Diego, CA, USA). All other chemicals were purchased from Sigma-Aldrich.

SAHA was dissolved in dimethyl sulfoxide (DMSO) and stored at -20ºC until use. The agents were diluted to appropriate concentrations with culture medium containing 1% FBS. The final concentration of DMSO was less than 0.1% (vol/vol), which was also present in the corresponding controls.

HDAC activity assay
-------------------

HDAC activity was measured with SensoLyte^®^ 520 fluorimetric HDAC activity assay kit (AnaSpec, Fremont, CA, USA) according to the manufacturer\'s instructions. TSA was used as a reference compound. Briefly, HDAC enzymes were incubated with vehicle or various concentrations of TSA and SAHA at 37^o^C for 30 min in the presence of an HDAC fluorimetric substrate. The HDAC assay developer (which produces a fluorophore in reaction mixture) was added, and the fluorescence was measured using VICTOR 3 (Perkin Elmer, Waltham, MA, USA) with excitation at 490 nm and emission at 520 nm. The measured activities were calculated using GraphPad Prism (GraphPad Software, San Diego, CA, USA).

Cell line, cultures, and treatment
----------------------------------

The tamoxifen-resistant MCF-7 (TAMR/MCF-7) breast cancer cell line was kindly provided by Prof. Keun Wook Kang (Seoul National University, Seoul, Korea). TAMR/MCF-7 cells were derived from wild type MCF-7 cells by continuous exposure to tamoxifen diluted in 0.1% ethanol. The cells were grown in Dulbecco\'s Modified Eagle\'s Medium (Gibco, Rockville, MD, USA) containing 10% heat-inactivated fetal bovine serum (FBS), 1.25 mM HEPES, and 100 U/ml penicillin/streptomycin (Gibco) supplemented with 3 µM tamoxifen. Cells were maintained as monolayers in a humidified atmosphere containing 5% CO~2~ at 37ºC and culture medium was replaced every 2 days. After 48 h incubation, culture medium was replaced with treatment medium containing the desired concentrations of chemicals.

Cell viability assay
--------------------

Cell viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- tetrazolium bromide (MTT, 5mg/ml, Sigma). The cultures were initiated in 96-well plates at a density of 2.5 x10³ cells per well. After 48 h incubation, cells were treated with various concentrations of SAHA and 4-OHT and cultured for 48 h. After incubation, 15 µl of MTT reagent was added to each well and incubated for 4 h at 37ºC in the dark. The supernatant was aspirated and formazan crystals were dissolved in 100 µl of DMSO at 37ºC for 15 min with gentle agitation. The absorbance per well was measured at 540 nm using the VERSA Max Microplate Reader (Molecular Devices Corp., CA, USA). Data was analyzed from three independent experiments then normalized to the absorbance of wells containing media only (0%) and untreated cells (100%). IC~50~ values were calculated from sigmoidal dose response curves with *SigmaPlot* 10.0 software.

Flow cytometry analysis
-----------------------

The cells were treated with various concentrations of SAHA for 48 h. The cells in suspension or adhered on the walls were harvested separately. The cells (1 x 10^6^) were washed in 1% BSA, fixed in chilled 95% ethanol and stained with cold propidium iodine (PI) staining solution (10 μg/ml PI and 100 μg/ml RNase in PBS) in the dark for 30 min at room temperature. Data acquisition and analysis was carried out using a flow cytometry system (Accuri Cytometers, Inc., MI, USA).

Annexin V/FITC binding assay
----------------------------

The Annexin V-FITC binding assay was performed according to the manufacturer\'s instructions using the Annexin V-FITC detection kit I (BD Biosciences, San Diego, CA, USA). The cells were treated with SAHA for 48 h. The cells were counted after trypsinization and washed twice with cold PBS. The cell pellet was resuspended in 100 µl of binding buffer at a density of 1 x 10^3^cells per ml and incubated with 5 µl of FITC-conjugated Annexin-V and 5 µl of PI for 15 min at room temperature in the dark. Four hundred µl of 1x binding buffer was added to each sample tube, and the samples were immediately analyzed by flow cytometry (Accuri Cytometers, Inc., MI, USA).

Caspase activity assay
----------------------

The cultures were initiated in 6-well plates at a density of 1 x 10^5^cells per well. Cells were allowed to attach for 48 h and exposed to SAHA for 48 h. Caspase-8 and caspase-9 activities in the cell lysates were measured using caspase-8/FLICE and caspase-9 colorimetric assay kits (Biovision Inc., CA, USA) as described in the manufacturer\'s protocol. The kits used in the present study utilized synthetic tetrapeptides labeled with *p*-nitroanilide (*p*NA). Briefly, 50 µl (100µg) of cell lysates were incubated with 50 µl of 2X reaction buffer and 2 µl of IETD-*p*NA for caspase-8 or LEHD-*p*NA for caspase-9 at 37℃ for 2 h. A reading was then taken from a spectrophotometer at 405 nm with a VERS Amax Microplate Reader (Molecular Devices Corp.), which measures the *p*NA cleaved from the labeled substrate by activated caspases [@B9]. Caspase-7 activities in the cell lysate were measured using caspase-7 immunoassay kits (Biovision Inc., CA, USA) as described in the manufacturer\'s protocol. Briefly, the assay utilizes caspase-7 polyclonal antibody to capture activated caspase-7 from cell lysates. Substrate DEVD-AFC is then added and is cleaved proportionally to the amount of activated caspase-7 in the cell lysate. The cleavage generates free AFC, which is then analyzed fluorometrically (Ex./Em. = 400/505 nm) using a fluorescence plate reader. The assay ensures absolute specific detection of caspase-7. Other known caspases and non-specific proteases are not detected.

Western blot analysis
---------------------

Cells were treated with SAHA for 48 h. Cells were harvested by trypsinization and washed twice with cold PBS. For total protein isolation, cells were suspended in PRO-PREP™ protein extract solution (iNtRON, Seongnam, Korea). Protein concentrations were measured using protein assay kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer\'s instructions. The cell extract with 20 µg protein was loaded on 6-15% SDS-polyacrylamide (PAGE) gel. After electrophoresis, gels were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were incubated for 1 h in TNA (10 mM Tris-Cl, pH-7.6, 100 mM NaCl, and 0.5% Tween 20) buffer containing 5% skim milk. The membranes were then incubated with various primary antibodies at 4°C for overnight. After washing for 1 h with TNA buffer, the membranes were incubated with horseradish peroxidase-conjugated anti-mouse or anti-rabbit antibodies (1:10000, Santa Cruz, CA, USA) for 30 min at room temperature. The blots were developed using an enhanced chemiluminescence (ECL)-plus kit (Amersham Biosciences, Amersham, Buckinghamshire, UK).

Acridine orange staining and flow cytometry analysis
----------------------------------------------------

Acridine orange staining was performed according to a published protocol [@B23]. Briefly, cells were grown in cover glass bottom dishes at a density of 1 x 10^5^ cells per dish, cultured for 24 h, then incubated with the indicated drug treatment in DMEM containing 1% FBS for 48 h. The media were removed and, the cells were stained with acridine orange (1 µg/ml) at 37ºC for 15 min. After removing staining solution, washed with PBS and immediately analyzed in the flow cytometer and examined under a fluorescence microscopy (Olympus FV10i, Tokyo, Japan) using 490-nm band-pass blue excitation filters and a 515-nm long-pass barrier filter.

MDC incorporation assay
-----------------------

Exponentially growing cells were grown on cover glass bottom dishes, cultured for 48 h, and then incubated with the indicated drug treatment in DMEM containing 1% FBS for 48 h. After washing with cold PBS, the cells were fixed with 3.75% paraformaldehyde in PBS. Autophagic vacuoles were then labeled with dansylcadaverine (MDC), an autofluorescent base capable of accumulating in autophagic vacuoles, by incubating cells with 0.05 mM MDC at room temperature for 30 min. After incubation, cells were visualized under a fluorescence microscope at 600X magnification (Olympus FV10i, Tokyo, Japan).

Transmission electron microscopy
--------------------------------

For the sample preparation, cells were fixed in 2.5% glutaraldehyde in PBS (pH 7.4). Samples were further fixed with 1% osmium tetroxide for 1hr, serially dehydrated with ethanol, and embedded in epoxy resin. For transmission electron microscopy (TEM), sections (70 nm) were cut on a Leica Ultra-CUT (Ultra-Microtome, Leica Microsystems GmbH, Wetzlar, Germany) and contrasted with 0.1% lead citrate and 8% uranyl acetate in 50% EtOH. Ultrathin sections were examined with a transmission electron microscope (Tecnai G^2^Spirit, FEI Company, USA) operated at 120kV, and the images were captured with a Megaview III CCD camera (Soft Imaging System, Lakewood, CO).

Xenografts study and immunohistochemistry
-----------------------------------------

Six-week-old BALB/c athymic nude mice (Joongang Experimental Animal, Seoul, Korea) were inoculated subcutaneously with 5 x 10^6^ TAMR/MCF-7 cells. When tumors reached about 100 mm^3^ (about 14 days), the mice were randomly allocated to one of four groups: 1) control, 2) 4-HOT 20 mg/kg, 3) SAHA 25 mg/kg, and 4) SAHA 50 mg/kg. SAHA and 4-OHT were intraperitoneally (i.p.) injected every 2 days for 21 days. Tumor volumes were measured with calipers and their volumes were calculated using a standard formula: width^2^ x length x 0.52 [@B24]. Body weights were recorded before dosing. Animal care was maintained in accordance with Pusan National University institutional guidelines. After sacrificing the mice, excised tumors were fixed in 10% buffered formalin and embedded in paraffin. Immunohistochemical staining was done with the avidin-biotin complex method using an anti-proliferating cell nuclear antigen (PCNA) antibody. Immune reactions were visualized with 3,3-diaminobenzidine and counterstained with Mayer\'s hematoxylin.

Statistical analysis
--------------------

The data were expressed as the mean ± SEM of at least three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Bonferroni\'s multiple comparison test. \**p*-value \<0.05 was considered statistically significant.

Results
=======

SAHA inhibits HDAC activity and expression of HDACs in TAMR/MCF-7 cells
-----------------------------------------------------------------------

The effect of SAHA on the total HDAC enzyme activity in nuclear protein isolated from HeLa cells was examined. As shown in Fig. [1](#F1){ref-type="fig"}A, SAHA and TSA significantly inhibited the total HDAC activity in a concentration-dependent manner. The effect of SAHA on HDACs expression was examined in TAMR/MCF-7 cells by Western blotting analysis using specific antibodies against class I and II HDACs. SAHA markedly increased the acetylated H3 and H4 expression at a submicromolar concentration. The expression levels of HDAC1, 2, 3, 4 and 7 proteins markedly decreased by SAHA (5 µM) treatment (Fig. [1](#F1){ref-type="fig"}B).

SAHA decreases TAMR/MCF-7 cell proliferation
--------------------------------------------

We first investigated whether SAHA affects TAMR/MCF-7 breast cancer cell proliferation following extended treatments by MTT assay. The characteristic of TAMR/MCF-7 cells used in this study was confirmed with treatment of 4-OHT, which is an active metabolite of tamoxifen. SAHA significantly reduced TAMR/MCF-7 cell proliferation in a concentration-dependent manner, and the IC~50~ value was 2.4 µM after 48 h treatment. However, proliferation of TAMR/MCF-7 cells were not affected by 4-OHT treatment (Fig. [1](#F1){ref-type="fig"}C).

Effect of SAHA on cell cycle regulation in TAMR/MCF-7 cells
-----------------------------------------------------------

HDAC inhibitors decreases the proliferation of various cancer cells via cell cycle arrest at a specific phase. In this study, we examined the effect of SAHA on the cell cycle progression in TAMR/MCF-7 cells by flow cytometry analysis. The cells were treated with the indicated concentration of SAHA (0.2, 1, or 5 µM) for 48 h. As shown in Fig. [2](#F2){ref-type="fig"}A, SAHA induced G2/M phase arrest in a concentration-dependent manner. SAHA increased the G2/M phase cell accumulation to 64.9% compared with control (21.9%). To evaluate the effect of SAHA on the expression of cyclins and CDKs involved in cell cycle progression, the levels of cyclins, CDK and CDK inhibitors were examined using Western blotting. SAHA markedly decreased the expression of cyclin A and Cdc2, and increased the expression of cyclin B1. Furthermore, SAHA highly increased p27 expression in a concentration-dependent manner in TAMR/MCF-7 cells (Fig. [2](#F2){ref-type="fig"}B).

SAHA induces apoptotic cell death
---------------------------------

To evaluate apoptotic cell death in TAMR/MCF-7 cells after SAHA treatment, Annexin V-PI staining and Western blot analysis were performed. Despite the pronounced concentration-dependent cells death was observed in the cytotoxicity assay, apoptotic cells death was pronounced only at the high concentration of SAHA (Fig. [3](#F3){ref-type="fig"}A). A significant increase in Bax expression and a parallel Bcl-2 decrease was observed against SAHA treatment. In addition, a clear increase in cleaved caspase 7, cleaved caspase 9, and PARP cleavage were showed in TAMR/MCF-7 cells treated with 5 µM SAHA (Fig. [3](#F3){ref-type="fig"}B). The caspase activity was measured using a caspases activity assay kit. The caspase-7 and caspase-9 activity was slightly increased in TAMR/MCF-7 cells at high concentration of SAHA treatment, but no change in caspase-8 activity was observed (Fig. [3](#F3){ref-type="fig"}C).

SAHA induces autophagic cell death
----------------------------------

To evaluate autophagic cell death induced by SAHA, Western blot analysis, acridine orange staining and MDC staining were performed. The conversion of the soluble form of LC3-I to the autophagic vesicle-associated form LC3-II is considered a specific marker of autophagosome promotion. As shown in Fig. [4](#F4){ref-type="fig"}A, SAHA significantly increased the level of phosphatidylethanolamine-conjugated LC3-II, whereas unconjugated LC3-I levels were slightly decreased. Beclin-1, also known as the autophagy-related gene Atg6, is required for the initiation of autophagosome formation. Similar to LC3-II expression, beclin-1 levels were increased by SAHA treatment (Fig. [4](#F4){ref-type="fig"}B). We measured the image of TAMR/MCF-7 cells after SAHA treatment using transmission electron micrograph (TEM). As shown in Fig. [4](#F4){ref-type="fig"}C, the typical autophagic features of cells were observed after treatment with SAHA (5 µM) for 48 h, whereas untreated cells had normal nuclear and cytoplasmic morphology. TEM image showed autophagic vacuoles containing organelles and lamellar, vesicular structures. Many small vesicles and large vacuoles (arrows) appeared in the cytoplasm, and these membrane compartments contained multiple cellular organelles. Higher magnification showed most membrane boundaries, with mitochondria and/or other cellular organelles inside (Fig. [4](#F4){ref-type="fig"}C). These morphological features clearly reflect the classical autophagic characteristics.

Next, induction of autophagy was confirmed by acridine orange and MDC staining. The vital dyes acridine orange and MDC are commonly used to study autophagy. Acridine orange is a lysotropic dye that accumulates in acidic organelles in a pH-dependent manner. At neutral pH, acridine orange emit a green fluorescent molecule, but emit bright red fluorescence within acidic vesicles by protonated and trapped within the organelle [@B13]. MDC is another popular autofluorescent marker that preferentially accumulates in autophagic vacuoles. While acridine orange staining in lysosomes is primarily due to ion trapping, MDC accumulation in autophagic vacuoles is due to a combination of ion trapping and specific interactions with vacuole membrane lipids [@B22], [@B24]. As is visually evident in Fig. [5](#F5){ref-type="fig"}A, control cells primarily displayed green fluorescence with minimal red fluorescence, indicating a lack of acidic vesicular organelles. But, drug-treated cells showed a fold-increase in red fluorescent at 48 h post-treatment compared with controls. Flow cytometric analysis after acridine orange staining also revealed an increase in red fluorescence intensity upon drug treatment, indicating an enhancement of acidic vesicular organelles (Fig. [5](#F5){ref-type="fig"}B). Histogram profiles show the mean fluorescence intensity of control and drug-treated cells (Fig. [5](#F5){ref-type="fig"}C). Similar results were observed in the MDC staining. As shown in Fig. [5](#F5){ref-type="fig"}D, there was significant autophagic vesicle formation in TAMR/MCF-7 cells exposed to SAHA. The morphological characteristics demonstrated that SAHA induced autophagic cell death in TAMR/MCF-7 cells.

Autophagy inhibition accelerates the apoptosis in TAMR/MCF-7 cells
------------------------------------------------------------------

To investigate the role of autophagy in SAHA-induced apoptotic cell death, 3-methyladenine (3-MA, 1 mM), an autophagy-specific inhibitor, was treated to TAMR/MCF-7 cells. 3-MA is commonly used as a specific inhibitor of autophagic sequestration. It blocks autophagy by inhibiting PI3K, an enzyme required for autophagy [@B25]. As shown in Fig. [6](#F6){ref-type="fig"}A, [3](#F3){ref-type="fig"}-MA alone did not affect the profanation of TAMR/MCF-7 cells. To confirm the inhibition of autophagy cell death may be increased the apoptosis, we measured the expression levels of autophagic-related proteins in TAMR/MCF-7 cells after SAHA and 3-MA treatment. The expression levels of LC3-II and beclin-1 were slightly lower in SAHA and 3-MA treatment than that of SAHA treatment (Fig. [6](#F6){ref-type="fig"}B). These findings suggested that the growth inhibitory effect of SAHA on TAMR/MCF-7 cells might result from apoptosis. In support of this possibility, we examined the expression of cleavage of caspase-9, Bcl-2, and Bax. As shown in Fig. [6](#F6){ref-type="fig"}, a decrease in Bax and an increase in Bcl-2 levels were observed after combination of SAHA and 3-MA treatment. On this basis, it was found that combination treatment of SAHA and 3-MA markedly enhanced apoptosis in TAMR/MCF-7 cells. To confirm that the apoptosis was affected by 3-MA treatment, the cells were subjected to Annexin V-FITC/PI double staining, followed by flow cytometry analysis to explore the apoptotic cell death. Combination treatment with SAHA and 3-MA increased significantly apoptotic cells death (Fig. [6](#F6){ref-type="fig"}D).

SAHA inhibits tumor growth in athymic nude mice bearing TAMR/MCF-7 cells
------------------------------------------------------------------------

SAHA treatment inhibits tumor growth in athymic nude mice bearing TAMR/MCF-7 cells. To determine the in vivo effect of SAHA, we used athymic nude mice bearing TAMR/MCF-7 cells. Intraperitoneal injections of SAHA (every 2 days for 21 days) significantly reduced tumor growth in comparison to vehicle-treated control mice (Fig. [7](#F7){ref-type="fig"}A). Body weight was not significantly different between the four groups (data not shown). The effects of SAHA on the level of autophagy-related protein in TAMR/MCF-7 cells xenografts were examined by Western blotting analysis. As shown in Fig. [7](#F7){ref-type="fig"}B, SAHA markedly increased LC3-II, beclin-1, ATG5 and ATG7 expression. PCNA is a representative marker for cancer cell proliferation. Immunohistochemistry analysis showed that most of the tumor cells in the vehicle-treated controls were PCNA-positive, while the expression intensity of PCNA was reduced in tumor tissues from SAHA-treated mice (Fig. [7](#F7){ref-type="fig"}C).

Discussion
==========

Tamoxifen, the most commonly used selective estrogen receptor modulator (SERM), competes with estrogen to ER. Although tamoxifen is effective as an adjuvant and chemopreventive agent, a significant proportion of patients develop breast cancer or relapse breast cancer even after taking tamoxifen, and the emergence of resistance in metastatic breast cancer is usually not preventable [@B26]. Although the anticancer potential of HDAC inhibitors against drug-resistant cancer cell lines has been reported [@B27], little is known about the specific mechanism of action on sensitivity of drug-resistance cancer cells death to HDAC inhibitors. Here we investigated the anticancer effects of SAHA on tamoxifen-resistant human breast cancer cells. We found that SAHA markedly increased the hyperacetylation of histone protein and inhibited HDAC enzyme activity. SAHA showed potent cytotoxicity against TAMR/MCF-7 cells, which did not exhibit any cytotoxicity to 4-OHT. Taken together, SAHA significantly induced G2/M phase arrest and then induced autophagic cell death. Interestingly, the expression levels of beclin-1 and LC3-II were increased in TAMR/MCF-7 cells by SAHA treatment.

HDACs are enzymes that regulate histone acetylation on core nucleosomal histones by catalyzing the removal of acetyl groups on their amino-terminal lysine residue. Decreased histones H3 and H4 acetylation compact the chromatin structure resulting disrupt the access of transcriptional factors and repressing the transcription of certain genes [@B27]-[@B29]. To date, the most convincing evidence that HDACs behave differently in cancer cells than in normal cells is derived from the pharmacological manipulation of HDACs through HDAC inhibitors [@B7], [@B30], [@B31]. However, the molecular mechanism of the tumor selective action of HDAC inhibitors is unclear. Recent study indicated that the HDAC inhibitor (vorinostat) induced DNA damage in normal and cancer cells, but cancer cells cannot repair. Thus, the selectivity of HDAC inhibitors in causing cancer cell death may be associated with impaired DNA repair mechanism in cancer cells [@B32]. Furthermore, previous study demonstrated that role of checkpoint kinase 1 (Chk1) in the mechanisms of resistance to HDAC inhibitors. The selective effect of SAHA in inducing transform but not normal cell death may be the fact that many cancer cells have a defective Chk1 compared to normal cells. This is a factor that might contribute to the evidence that HDACs inhibitor exhibit selective toxicity to cancer cells rather than normal cells [@B33].

Previously, SAHA has been shown to inhibit tumor growth, arrest cell cycle, and induce differentiation or apoptosis in a variety of transformed cell lines, including breast cancer cell lines [@B34]-[@B37]. In this study, immunocytochemistry analysis revealed increased p21-positive cells in SAHA-resistant cells, suggesting an anti-apoptotic function for p21 as well as protection from the cytotoxic effects of SAHA. Here we have shown that SAHA exert a potent cytotoxicity against TAMR/MCF-7 cells that were resistant to 4-OHT. SAHA markedly increased the acetylated histone H3 or H4 levels and reduced the expression of HDACs, especially HDAC 1, 2, 4, and 7, in TAMR/MCF-7 cells. In addition, previous studies describe SAHA a competitive inhibitor of Class I and Class II HDACs [@B36], [@B37]. Most HDAC inhibitors do not selectively inhibit individual HDAC isoenzymes, but rather inhibit several HDACs simultaneously [@B37]. The target specificity of these HDAC inhibitors remains unclear, but it may be related to the significant over-expression of HDACs observed in cancer cells and the death-inducing capability of different HDAC inhibitors correlates with their HDAC-inhibitory potency. It is widely accepted that the cell death mechanism of HDAC inhibitors is due to their ability to inhibit HDAC activity [@B38], [@B39]. HDAC inhibitors induce G1 or G2/M phase arrest of cell cycle, which is mediated by regulation of cell cycle regulators such as cyclins, CDK, p21 and p27 [@B40], [@B41]. In this study, cell cycle progression was blocked at G2/M phase in TAMR/MCF-7 cells against SAHA treatment. Knockdown of HDAC1 resulted in arrest either at the G1 phase of the cell cycle or at the G2/M transition, which caused loss of mitotic cells, cell growth inhibition, and an increase in the percentage of apoptotic cells among osteosarcoma and breast cancer cells [@B42]. Thus, inhibition of HDAC1 might correlate with G2/M phase arrest and apoptosis in TAMR/MCF-7 cells. This result was confirmed in the Annexin V-FITC binding assay, and the late stage of apoptosis signaling in TAMR/MCF-7 cells was increased by SAHA. However, only small changes in PARP cleavage and caspase-7 expression were observed with SAHA. These results indicate that SAHA induced a small amount of apoptosis in the TAMR/MCF-7 cells.

Many recent studies have indicated that HDAC inhibitors induce autophagic cell death in various cancer cells [@B43]-[@B45]. Autophagy also induces cell death that is controlled by processes different from those involved in apoptosis and is therefore described as type II programmed cell death [@B46]. In this study, we provide evidence that the autophagic process seems to be the main mechanism for cancer cell death caused by SAHA in TAMR/MCF-7 cells. SAHA significantly induced the autophagy cell death by acridine orange and ultrastructural analysis by TEM in TAMR/MCF-7 cells. Furthermore, increases in LC3-II and other autophagy-related molecules were observed after SAHA treatment. These results are consistent with previous data published by Shao et al, [@B16]. They showed that SAHA induced caspase-independent autophagic cell death in HeLa cells. Actually, whether autophagy promotes cancer cell death or protects cancer cell survival is controversial. To study the role of autophagy in SAHA-induced cytotoxicity, TAMR/MCF-7 cells were pretreated with 3-MA. SAHA-induced cytotoxicity was not potentiated by pretreatment with 3-MA, these results indicating that SAHA independently induced autophagy and apoptosisy. In our study, inhibition of the early stages of autophagy by the specific inhibitor, 3-MA, resulted in decreased autophagic cell death, but accelerated apoptotic cell death, as revealed by Annexin V/PI staining. SAHA simultaneously induced apoptosis in TAMR/MCF-7 cells, which was parallel with autophagy. Inhibition of autophagy suppressed SAHA-induced cytotoxicity. Therefore, combination with autophagic inducers might be potentiated the anti-cancer effects of SAHA on tamoxifen-resistant breast cancer therapy. Further investigation may therefore be necessary to elucidate the relationship of autophagy and apoptosis after SAHA treatment in TAMR/MCF-7 cells. Based on the results from anti-tumor effects of SAHA in vitro, a profound anticancer effect of SAHA was also observed in a TAMR/MCF-7 cell xenograft model. SAHA significantly decreased the tumor volume and decreased the growth of the tumor as assessed by immunohistological detection of the proliferation marker, PCNA.

In summary, we showed that SAHA inhibited the proliferation of TAMR/MCF-7 cells and induced G2/M phase cell cycle arrest and caspase-independent autophagic cell death, as well as apoptotic cell death. Induction of autophagic cell death by SAHA is a new discovery in tamoxifen-resistant human breast cancer.
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![Effects of SAHA on HDAC activity and TAMR/MCF-7 cell viability. (A) Effect of HDAC inhibitors, SAHA and TSA on total HDAC enzyme activity using SensoLyte^®^ 520 fluorimetric HDAC activity assay kit. (B) Effects of SAHA on expression of acetylated histone and HDACs. TAMR-MCF-7 cells were treated with various concentrations of SAHA and 4-OHT for 48 h. Protein was isolated and Western blot analysis was performed with antibodies against acetylated H3, H4 HDAC1, 2, 3, 4, 5, 6 and 7. Equal loading and transfer were verified by reproving the membranes for histone H1 and β-actin. (C) Effects of SAHA and 4-OHT on cell viability. TAMR-MCF-7 cells were treated with various concentrations of SAHA and 4-OHT for 48 h and the proliferation was measured by MTT assay. The percentage of viable cells was determined as the ratio of treated cells to untreated controls (basal). Results are expressed as mean ± SEM of triplicate experiments.](ijmsv09p0881g01){#F1}

![Cell cycle distribution and expression of cell cycle regulator in TAMR/MCF-7 cells with or without drug treatment. (A) TAMR/MCF-7 cells were treated with SAHA at the indicated concentrations for 48 h. Cells stained with propidium iodine (PI) were subjected to flow cytometry analysis to determine the distribution at each phase of the cell cycle. (B) TAMR/MCF-7 cells were treated with SAHA at the indicated concentrations for 48 h. The TAMR/MCF-7 cells were homogenized, and the proteins were isolated. Aliquots of proteins were immunoblotted with specific primary antibodies against Cdc2, Cdk6, p27, cyclin A, cyclin B1, and cyclin D1. Equal loading and transfer were reproved the membranes with β-actin antibody.](ijmsv09p0881g02){#F2}

![Effect of SAHA on apoptotic cell death in TAMR-MCF-7 cells. (A) TAMR/MCF-7 cells were treated with SAHA at the indicated concentrations for 48 h. Early and late apoptosis were detected using Annexin V/PI-double staining analyzed by flow cytometry. (B) Effects of SAHA on the expression of apoptosis-related proteins in TAMR-MCF-7 cells treated with SAHA for 48 h. Differential expression of Bcl-2, Bax, cytochrome c, PARP, cleaved caspase-7, and cleaved caspase-9 were measured by Western blot analysis. Equal loading and transfer were verified by reproving the membranes with β-actin antibody. (C) Effects of SAHA treatment on caspase activities in TAMR/MCF-7 cells. The cells were treated with the indicated concentrations of SAHA for 48 h. The cytosolic extracts of cells were prepared, and caspase activity was determined using the caspase assay kit.](ijmsv09p0881g03){#F3}

![Effects of SAHA on the expression of autophagy-related proteins in TAMR/MCF-7 cells. (A) Western blot analysis was performed with beclin-1, LC3, HMGB1, ATG5 and ATG7 antibodies. Equal loading and transfer were verified by reprobing the membranes with β-actin antibody. (B) The ratio of conversion to LC3-II, beclin-1, ATG5 and ATG7 against LC3-I and β-actin by densitometry. (C) Transmission electron micrograph (TEM) images were measured after SAHA treatment in TAMR/MCF-7 cells. (a) control group. (b) SAHA 5 µM-treated samples showing autophagosomes. (c-e) TEM image show autophagic vacuoles containing organelles and lamellar, vesicular structures. Arrows indicate autophagic vesicles and selected regions the micrographs with typical autophagic vesicles.](ijmsv09p0881g04){#F4}

![Visualization of intracellular autophagic vacuoles in TAMR/MCF-7 cells. (A) Immunofluorescence microscopy of acridine orange-stained TAMR/MCF-7 cells treated for 48 h with indicated drug treatment (Using Olympus confocal microscope FV10i. Magnification ×600). (B)Flow cytometric analysis after acridin orange (AO) staining. (C) Histogram profiles of control and drug treatment cells that were read flow cytometrically. (D) MDC staining shows autophagy was activated in TAMR/MCF-7 cells after treatment with SAHA. Cells were examined by Olympus confocal microscope FV10i. Magnification ×600.](ijmsv09p0881g05){#F5}

![Effect of 3-MA on SAHA-induced cell death in TAMR/MCF-7 cells. (A) TAMR/MCF-7 cells were treated with SAHA and 3-MA for 48 h and the proliferation was measured by MTT assay. (B-C) Western blot analysis was performed with autophagy and apoptosis related antibodies after treatment. Equal loading and transfer were verified by reprobing the membranes with β-actin antibody. (D) TAMR/MCF-7 cells were treated with SAHA and 3-MA at the indicated concentrations for 48 h. Apoptosis was detected using Annexin V/PI-double staining analyzed by flow cytometry.](ijmsv09p0881g06){#F6}

![Effect of SAHA on the growth of TAMF/MCF-7 cell tumor in nude mice. (A) Mean tumor volumes for each treatment group as a function of day of treatment and tumor burdens of each treatment are indicated. Results represent the mean ± SEM of four animals. \* p\<0.05 as determined by ANOVA compared to the control group. (B) Expression of autophagy-related proteins in tumor tissues of nude mice treated with SAHA and 4-OHT. LC3, beclin-1, ATG5 and ATG7 antibodies were measured in the homogenates of two representative TAMF/MCF-7 tumors from each treatment group by their respective final volumes. (C) The tumors were fixed in 10% formalin and embedded in paraffin. Immunohistochemical staining for PCNA in tumors from vehicle treated control, SAHA 50 mg/kg and 4-OHT 20 mg/kg. Magnification ×600. Scale bar = 50 μm.](ijmsv09p0881g07){#F7}
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